ABSTRACT: Polymer engineering, such as in three-dimensional (3D) printing, is rapidly gaining popularity, not only in the scientific and medical fields but also in the community in general. However, little is known about the toxicity of engineered materials. Therefore, we assessed the toxicity of 3D-printed and molded parts from five different polymers commonly used for prototyping, fabrication of organ-on-a-chip platforms, and medical devices. Toxic effects of PIC100, E-Shell200, E-Shell300, polydimethylsiloxane, and polystyrene (PS) on early bovine embryo development, on the transactivation of estrogen receptors were assessed, and possible polymer-leached components were identified by mass spectrometry. Embryo development beyond the twocell stage was inhibited by PIC100, E-Shell200, and E-Shell300 and correlated to the released amount of diethyl phthalate and polyethylene glycol. Furthermore, all polymers (except PS) induced estrogen receptor transactivation. The released materials from PIC100 inhibited embryo cleavage across a confluent monolayer culture of oviduct epithelial cells and also inhibited oocyte maturation. These findings highlight the need for cautious use of engineered polymers for household 3D printing and bioengineering of culture and medical devices and the need for the safe disposal of used devices and associated waste.
■ INTRODUCTION
In addition to the research and biomedical fields, the frequency of use of three-dimensional (3D) printing has increased greatly in industry and for domestic uses, mostly because the cost of 3D printers has dropped dramatically. 1 Despite the increase in the frequency of use of 3D engineering in various fields, the effects of the plastics used on the bioengineered culture systems, the users, or the environment have not been widely investigated. 1 However, 3D-printed parts have been reported to be toxic to zebrafish embryos, 1, 2 to cause allergic and inflammatory responses in mice, 3 and to be toxic to cancer cells. 4 Moreover, previous studies have shown that some 3D printers release toxic particles into the air during printing. 5 Because of the rapid growth in the scientific and medical applications of 3D printing, together with an increase in domestic hobby-related use and the large amounts of waste produced, it is important to determine whether bioengineered polymers are toxic, and the degree to which they might be. Toxicological screening of bioengineered materials is also of great importance before one can decide to safely use such materials for medical and biological applications. 2,6−8 In this study, we monitored the developmental fate of bovine zygotes over time when they were cultured in media in contact with PIC100, E-Shell200, E-Shell300, polydimethylsiloxane (PDMS), or polystyrene (PS). These plastics are used in 3D cell culture, medical devices, and industry prototyping applications. It is known that endocrine disruptors are released from plastics, and such components can cause adverse developmental, 9 reproductive, 10, 11 neurological, 12 and immune 13 effects in humans, domestic animals, and wild animals. Therefore, we also investigated possible endocrine disruptor action using an estrogen receptor (ER) transactivation assay and identified leached compounds by mass spectrometry (MS).
■ MATERIALS AND METHODS
Chemicals. Unless stated otherwise, all chemicals were obtained from Sigma Chemical Co. (St. Louis, MO) and were of the highest available purity.
Polystyrene (PS) and Polydimethylsiloxane (PDMS) Structures. A two-component kit (Sylgard 184, Dow Corning, Farnell, Maarssen, The Netherlands) consisting of a prepolymer and curing agent was used to fabricate PDMS structures. These two components were mixed at a 10:1 weight ratio. This mixture was degassed and poured onto a silicon wafer, and curing was performed at 60°C overnight. The PDMS layer was then released from the silicon wafer and cut into pieces that were 1 cm in diameter and 0.2 cm in thickness. For PS, CELLSTAR Petri dishes (Greiner, Bio-One GmbH, Alphen aan de Rijn, The Netherlands) were cut into pieces that were 1 cm in diameter and 0.2 cm in thickness.
Production, Prewashing, and Sterilization of 3D-Printed PIC 100, E-Shell200, and E-Shell300 Structures. The prototype design of the structures (discs that were 1 cm in diameter and 0.2 cm in thickness) was created using Tinkercad (Autodesk Inc.). Devices were 3D-printed using a photopolymerization process and a Perfactory 3 mini 3D printer (Envisiontec GmbH, Gladbeck, Germany) at a resolution of 50 μm, in various materials: PIC100, E-Shell200, and E-Shell300 (Envisiontec GmbH). The safety data sheet for each material can be accessed via https://envisiontec.com/wp-content/ uploads/2017/08/MK-SDS-PIC-series-v.2-USA.pdf, https:// envisiontec.com/wp-content/uploads/2016/09/SDS-E-shell-200-V1.5-161028-E.pdf, and https://envisiontec.com/wpcontent/uploads/2017/10/SDS-E-shell-300-V1.5-161028-E.pdf for PIC100, E-Shell200, and E-Shell300, respectively. To limit leakage of compounds from the PIC100 3D-printed structures, the excess resin was removed via a 15 min immersion in ethanol at room temperature. After being completely air-dried, the structures were immersed three times for 2 h in isopropanol at room temperature. After being air-dried again, the structures were light-cured using 4000 flashes from an Otoflash G171 instrument (Envisiontec GmbH).
All polymer structures were then sterilized by immersion for 1 h in 70% ethanol, washed three times for 30 min in a phosphate-buffered saline (PBS) solution, and then washed for 1 h in HEPES-buffered Medium 199 supplemented with 100 units/mL penicillin and 100 μg/mL streptomycin, at room temperature.
Oocyte Collection, in Vitro Maturation (IVM), and Sperm Preparation for in Vitro Fertilization (IVF). Bovine ovaries were collected from slaughterhouses and prepared as described previously.
14 The oocytes were allowed to mature in groups of 50 cumulus−oocyte complexes (COCs) in 500 μL of maturation medium M199 supplemented with 0.02 IU/mL follicle-stimulating hormone (Sioux Biochemical Inc., Sioux Center, IA), 0.02 IU/mL luteinizing hormone (Sioux Biochemical Inc.), 7.71 μg/mL cysteamine, 10 ng/mL epidermal growth factor in 0.1% (w/v) fatty acid-free bovine serum albumin (BSA), 100 units/mL penicillin, and 100 μg/ mL streptomycin and incubated in a humidified atmosphere of 5% CO 2 in air for 24 h at 38.5°C. Frozen spermatozoa were thawed and prepared as described previously. 14 Briefly, 250 μL straws of cryopreserved spermatozoa were thawed at 37°C for 30 s, and the spermatozoa were then washed by centrifugation at 700g for 30 min through a discontinuous Percoll gradient (GE Healthcare) at 27°C. The supernatant was removed, and the sperm pellet was resuspended in fertilization medium (modified Tyrode's medium supplemented with 25 mM sodium bicarbonate, 22 mM lactate, 1 mM pyruvate, and 6 mg/mL fatty acid-free BSA containing 100 units/mL penicillin and 100 μg/mL streptomycin). The effect of leaching of PIC100 from the plastics into the medium upon oocyte maturation was assessed in three independent experiments using 150, 151, and 148 COCs for non-exposed and 148, 150, and 147 COCs for PIC100-exposed media.
In Vitro Fertilization (IVF) and Culture (IVC). Mature COCs were distributed in groups of 35−50 in four-well culture plates (Nunc A/S, Roskilde, Denmark) with 500 μL of fertilization medium supplemented with 10 μg/mL heparin, 20 μM D-penicillamine, 10 μM hypotaurine, and 1 μM epinephrine. PS, PDMS, PIC100, E-Shell200, and E-Shell300 polymer structures were added separately to individual fertilization wells; control wells were prepared similarly but without any polymer structure. After co-incubation for 20−22 h in a humidified atmosphere of 5% CO 2 in air at 38.5°C, cumulus cells were removed by pipetting, and the presumptive zygotes were cultured in groups of 50 in four-well culture plates with 500 μL of synthetic oviductal fluid (SOF) medium, with or without the respective polymer structures. The developing embryos were cultured for 8 days in a humidified atmosphere of 5% CO 2 and 5% O 2 at 38.5°C. Two days postfertilization (dpf), the number of cleaved embryos was counted after examination using an inverted light microscope with a 20× objective (Olympus Nederland BV). At eight dpf, the number of expanded blastocysts was determined. Three replicates for control and each of the polymer structure groups were performed (total numbers of COCs used were 604 for control and 380, 152, 150, 150, and 148 for PIC100, PDMS, PS, EShell200, and E-Shell300 polymers, respectively).
Cell-Based ER-Mediated Bioassay. For the estrogen receptor assay, culture medium with possible leachates from the polymers was used to evaluate any effects on ER activation in the BG1Luc4E2 cell line, as described previously. 15 This recombinant human ovarian carcinoma (BG-1) cell line is stably transfected with an estrogen receptor element (ERE) and a luciferase transporter gene. 16 The cells were plated in luminescence 96-well plates at a cell density of 0.4 × 10 5 cells/ well. After 24 h, the cells were exposed to the conditioned media or medium containing estradiol as a positive control. Thereafter, the cells were washed with warm PBS and subsequently lysed with 20 μL of lysis buffer (Promega, Leiden, The Netherlands) per well. After 30 min, 100 μL of a luciferin buffer solution containing 470 μM luciferin (Promega) and 530 μM ATP (Roche Diagnostics, Leiden, The Netherlands) in MilliQ water at pH 7.8 was added, and luminescence
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MS Analysis for Identification of Compounds Leached from the Plastics. A more precise measurement of the components present in the samples exposed to the various polymer materials was performed by direct injection (5 μL/ min) of leachates (for leachate isolation, see Supplementary Method 1) into a high-precision/resolution electrospray ionization mass spectrometer (Orbitrap Fusion, Tribrid from Thermo Scientific, Waltham, MA). Electrospray ionization mass spectrometry (ESI-MS) analyses were conducted at 3.5 kV in positive mode at an ionization temperature of 100°C in the m/z range of 150−4000, allowing determination of m/z values with a precision of 0.001. For quantification of the peaks at m/z 177.06 and 223.10, diethyl phthalate (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was first solubilized in a 1:100 (v/v) ratio in distilled ethanol and then further diluted in a concentration series from 10 −3 to 10 −12 M in Milli-Q water. This series was injected into the ESI-MS instrument; pure diethyl phthalate (Sigma) was solubilized in 1 volume of ethanol and further diluted with 2 volumes of water to 1 μM, and concentration was used to check whether this fragmented in a manner similar to that of the m/z 223.10 peak in the polymer-exposed samples (see Figure S1 for the reference mass spectrogram).
Data Analysis. Data were analyzed using IBM SPSS Statistics (version 24). A Shapiro−Wilk test was performed, and all groups were found to be normally distributed. Differences between groups were examined using independent sample t tests (p < 0.05).
■ RESULTS AND DISCUSSION
The toxicity of polymer structures produced from PIC100, EShell200, E-Shell300, PDMS, and PS and the nature of the toxicants were tested in a biological assay by investigating their effects on early bovine embryo development. Bovine embryo development is a useful and inexpensive model, because it is easy to acquire bovine oocytes (ovaries collected from slaughterhouses) and sperm (from artificial insemination companies) to produce embryos in vitro. Moreover, there is no need for an animal facility, and no ethical restrictions apply to this type of embryo production. As shown in Figure 1A , PIC100 had the strongest negative effect on bovine embryo development, even though it had been subjected to an extensive and stringent washing procedure using solvents (ethanol and isopropanol) and additional light curing before inclusion. Similarly, postcuring methods using extensive solvent washes were previously reported to only marginally improve zebrafish embryo survival when a Visijet Crystal polymer was used to fabricate 3D-printed devices. 2 The released materials from PIC100 inhibited embryo cleavage across a confluent monolayer culture of oviduct epithelial cells ( Figure S2 ) and also inhibited oocyte maturation (Table SI) .
In conflict with the stated biocompatibility according to the international standard ISO 10993, both E-Shell200 and EShell300 had a negative impact on embryo development, although they were less harmful than PIC100 ( Figure 1A) . Postcuring of E-Shell200 and E-Shell300 did not enhance blastocyst production when compared to no postcuring (16.2 and 15.1% vs 14.3 and 15.4%, respectively; p > 0.05). Note that the postcuring was performed following the manufacturer's instructions, but using ethanol instead of isopropanol for the sterilization processing right before use. Thus, PIC100, EShell200, and E-Shell300 are not suitable materials for this specific biological use. PDMS was not toxic to (nonbovine) embryos cultured in vitro ( Figure 1A) , confirming other studies. 6, 17, 18 Overall, the unaffected cleavage and blastocyst rates obtained in the presence of both PDMS and PS (PS was obtained commercially as a nontoxic control) illustrate their suitability as materials for manufacturing of advanced in vitro culture platforms and medical devices.
Considering that embryogenesis and cell culture are strongly influenced by the endocrine environment, and that polymers have been shown to leach endocrine-disrupting compounds, 19−21 we tested whether the polymers compared in this study released components that could activate the ER, Figure 1 . (A) Bovine cleaved embryo and blastocyst production efficiency displayed as percentages of the total number of mature cumulus−oocyte complexes (COCs) submitted for in vitro fertilization (IVF). IVF and in vitro culture (IVC) were performed in the presence of PIC100, E-Shell200, E-Shell300, PDMS, or PS polymer structures. Standard IVF and IVC were also performed without polymer structures (Control). (B) BG1ERE bioassay to detect increases in ER-dependent luciferase activity caused by media conditioned with PIC100, E-Shell-200, E-Shell300, PS, or PDMS, or without any conditioning. An increase in luciferase intensity was found for PIC100, E-Shell-200, E-Shell300, and PDMS; 1 and 10 pM estrogen (E2) were used to check the responsiveness of the cells in the assay. Different asterisks and number signs indicate statistically significant differences (p < 0.05).
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Letter using a cell-based ER reporter gene assay. 16, 22 We observed an increase in the level of transactivation of the ER by all polymers tested, with the exception of PS ( Figure 1B) . It is worth noting that the ER reporter assay appears to be more sensitive than embryo development given that PDMS activated the ER but did not inhibit blastocyst formation.
We hypothesized that oligomers must leak out of the engineered polymers and contribute to the toxic effects observed. Indeed, leaked compounds could be detected from all five materials, and our results support those of Oskui et al., who detected three different chemical species leaking from stereolithographic 3D-printed devices. 1 Using matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS), we detected clusters of peaks separated by m/z 44 after they had been conditioned for 24 h with Milli-Q water with PIC100 and E-Shell200 ( Figure S3 ). The observed spectra correspond to polyethylene glycol (PEG) oligomers. Adverse effects of PEG metabolites on embryo development have been described previously. 23, 24 To further identify low-molecular weight leached components, which could not be detected by MALDI-MS, the samples were also analyzed by high-resolution ESI-MS. The control Milli-Q water contained trace amounts of a compound with an m/z value of 304.25 (Figure 2) , which corresponds to the molecular formula C 16 H 33 NO 4 for the non-ionized molecule. This molecule could have originated from any material with which the sample had been in contact (such as Milli-Q anion exchange resins, pipet tips, tubes, and bottles that were used to store or handle the water). Because this peak at m/z 304.25 was present in all spectra, we decided to use it as an internal calibrant to quantify the relative amount of released diethyl phthalate ( Table 1) . As depicted in Figure 2 , two peaks at m/z 223.10 and 177.06 were detected in all water samples exposed to polymer materials. These peaks correspond to a protonated diethyl phthalate compound with a molecular formula of C 12 H 24 O 4 (theoretical m/z of 223.0965) and a stable fragment of this compound formed by loss of ethanol (C 10 H 9 O 3 ; theoretical m/z of 177.0546), respectively, for which the fragmentation mechanism is provided in Figure 2 . In addition, we injected a sample of 1 μM diethyl phthalate into the ESI-MS instrument and found an identical [M + H] + and a fragment ion peak with an identical fragmentation pattern (see Figure S1 ). As summarized in Table 1 , the relative amounts of diethyl phthalate leached from the polymer materials into the Milli-Q water correlated closely with the level of toxicity detected using the conditioned media for the different polymers.
The concentration of diethyl phthalate released into the water (78 nM) is above the reported reproductive toxic levels 
Letter of phthalates and their metabolites (10−23 nM). 25, 26 Phthalates have long been established as endocrine disruptors with toxic effects on mammalian reproduction, and diethyl phthalate was found to be among the most toxic species in exposed rats. 27 Diethyl phthalate is known as an endocrine disruptor. 28−30 However, addition of purified diethyl phthalate (100 nM) in IVF and IVC media did not cause any inhibition of blastocyst formation when compared to 0 nM ( Figure S4 ). We consider diethyl phthalate as a marker leachate for plastic toxicity as the nontoxic plastics released only <1 nM diethyl phthalate.
It is alarming that endocrine disruptors were released from all polymers. PIC100, E-Shell200, and E-Shell300 are polymers that are available commercially for stereolithography-based 3D printing. PIC100 is mostly used to prototype jewelry and tool models but has also been used to develop cell culture devices. 31 ,32 E-Shell200 and E-Shell300 are stated to be biocompatible and mostly used to prototype hearing aid products, otoplastics, and medical devices. However, little is known about the effects of long-term exposure to these materials on personnel involved in the production of these polymers or patients that carry them. PDMS is widely used for microfluidic device fabrication, 33 and PS is the main plastic used to make culture dishes. Although the level of release of phthalates from PDMS was low, it is worth considering the possibility of adverse effects after long-term continuous exposure. It is important to consider that an increasing amount of 3D-engineered polymers and waste from printing or molding with these polymers is being introduced into the environment. We should prioritize strategies for safe collection and disposal of polymers and waste materials generated by 3D printing and molding and monitor the effects of contact with the polymers. Particular attention should be paid to commercial materials that can be used in household 3D printers. Domestic consumers are generally less aware of the need for proper disposal and handling of toxic polymers and may, unintentionally, contribute to the release of endocrine disruptors (such as phthalates) into the environment.
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